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Placement of fertilizer nitrogen (N) is a critical issue during the production of 
corn in no-till systems, but the effects of placement vary with many site-specific 
factors. On-farm trials offer a new method for evaluating the effectiveness of 
alternative placements. The objective of this study was to explore the potential of 
using yield monitors in on-farm trials to compare the effectiveness of dribbled and 
injected N fertilizer solutions for production of corn in no-till systems. Strip-plot trials 
were conducted in 16-ha to 24-ha fields to compare dribbled and injected urea-
ammonium-nitrate (UAN) solutions applied after crops had emerged in 2002 and 
2003. The fertilizer was applied at three rates and two times to help evaluate the 
effects of placement, and end of season cornstalk nitrate concentrations were 
measured to help interpret yield response data. The solutions were applied at 56, 
112, and 168 kg N ha-1 in six-row strips that were harvested as single swaths with a 
yield monitoring combine. Placement had statistically significant effects on yields at 
only one of the six site years studied. No placement effects were observed on 
cornstalk nitrate concentrations at any of the site years. The effect at this site was 
probably caused by an unusual lack of rainfall that delayed movement of the 
dribbled N into the soil. Based on means over the six site years, the benefits of 
injecting fertilizer were small in comparison to the added time and equipment costs 
associ.ated with an injected treatment. On-farm trials using treated strips and yield 
monitors offer an effective way for corn producers within a region to evaluate 
alternative methods of applying fertilizer under conditions relevant to them. 
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INTRODUCTION 
In a recent review, Bradford and Peterson (2000) concluded that no-tillage 
systems represent the most dramatic change in soil management in the modern 
history of agriculture. According to definitions set forth by the Conservation 
Technology Information Center (Schertz and Becherer, 1994; Hill, 1996) no-till refers 
to a system where the soil is left undisturbed from harvest to planting except for 
nutrient injection. Major reasons for switching from conventional tillage to no-till 
include decreasing soil erosion; soil compaction; and input costs for fuel, tractors, 
labor, and other equipment (Bradford and Peterson, 2000). 
Injection of N into soils under no-till management has been considered 
essential for several reasons. One reason is that the surface 7.5 cm layer of no-till 
soils has higher concentrations of organic carbon, N, and water content and, 
therefore, more microorganisms and greater enzyme activity than in conventional-till 
(Doran, 1980; Rice, 1982). The higher microbial populations in the surface soil 
under no-till can act as a greater sink for surface applied N through immobilization or 
denitrification. 
Another reason for injecting N in no-till systems is to reduce losses caused by 
volatilization of ammonia. Losses of fertilizer N following surface application of urea 
on no-till soils is a special problem because the hydrolysis of urea is accompanied 
by an increase in pH that promotes volatilization of ammonia (Keller and Mengel, 
1986; Mengel et al.,1982; Touchton and Hargrove, 1982). Losses of urea N from 
no-till soils is considered to be a special problem due to large amounts of plant 
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residues on the soil surface and high concentrations of urease in these residues 
(Dick et al., 1991 ). 
A third reason for injecting N fertilizer in no-till soils relates to the greater 
importance of leaching of N through macropores that extend to the soil surface. 
This is a special problem because the no-till soils usually have higher water content 
than soils managed by conventional tillage. Thomas et. al. (1973) found in drier, 
conventionally-tilled soil, the rain (and nitrate) tended to move into the soil 
aggregates so that the downward distance of both water and nitrate was small. In 
well aggregated soil, the wetter aggregates tend not to absorb water or nitrate; 
hence, the main flow of water and nitrate is in the large pores and flow from a single 
rain event can result in very deep penetration of water and nitrate (Thomas et al. 
1973). Priebe and Blackmer (1989a) used N-15 tracers to show that surface 
applied urea could move rapidly through the macropores of soils having high water 
contents. Priebe and Blackmer (1989b) found that recovery of N was substantially 
higher when urea was applied to the surface of dry soils than to the surface of wet 
soils. 
Several studies have shown that fertilizer N injected into the soil is more 
efficiently used by plants than fertilizer N applied to the surface of no-till soils. 
Howard and Tyler (1989) found that injecting UAN or urea resulted in significantly 
higher yield, ear-leaf N concentration, and N uptake when compared with surface 
application methods (broadcast or surface band). Fairlie and Goos (1986) found 
that ammonia losses from surface dribble applications were less than from surface 
broadcast spray applications. Concentrating urea in a band exposes it to less 
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urease and thereby slows hydrolysis. Higher yields from injected N relative to 
broadcast and dribbled N were likely due to reduced ammonia volatilization and 
immobilization losses (Stecker et al., 1993). 
Fox et al. (1986) found that volatilization loss from surface-banded urea was 
strongly influenced by the number of days after application until a rain event. 
. Losses were minimal when 10 mm of rainfall occurred within 2 to 3 days after 
application. Losses were much larger when no rainfall occurred within 5 to 7 days 
after N application. 
Stecker et al. (1993) found that dribbled verses injected UAN performed 
similarly in no-till conditions with residues in excess of 30%. Although soil properties 
such as soil pH, buffering capacity, CEC, and urease activity significantly influence 
ammonia volatilization, environmental factors, such as temperature, soil water 
content, and air exchange, play an overriding role in determining the magnitude of 
ammonia loss under field conditions. Soil properties largely determine the potential 
for ammonia loss, but environmental conditions determine the magnitude of loss 
under field conditions (Bock and Kissel 1988). 
Yield monitors and strip-plot trials offer a new way to conduct research in on-
farm trials (Blackmer and White, 1998; Bermudez and Mallarino, 2004 ). Yield 
monitoring to characterize responses to different N treatments provides essential 
information for evaluating the economic benefits of the various N treatments. 
Evaluating small numbers of treatments with N rates that are close to the optimal 
rate allow large amounts of data, including treatment effects across in-field 
variability, to be collected. Producers, people in industry, and researchers can use 
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these new technologies in cooperative efforts to collect unprecedented amounts of 
meaningful data from many sites across many years as methods for data analysis 
become more developed and standardized (Long et al., 1996; Oyarzabal et al., 
1996). 
The objective of this study was to explore the potential of using yield monitors 
in on-farm trials to compare the effectiveness of dribbled and injected N solutions for 
production of corn in no-till systems. Part of the rationale for this study is that recent 
studies have shown that substantial losses of fertilizer N often occur before plant 
demand is significant when N fertilizers are applied in the fall or in the spring before 
planting (Balkcom et al., 2003, Hansen et al., 2004). Although such studies indicate 
clear benefits to delaying application of fertilizer until after plants have emerged, 
farmers are very concerned about the ability to fertilize their entire farm during a 
short period of time when application of N is delayed until after plants have 
emerged. The importance for farmers to be able to cover their fields very rapidly 
seems to have received little attention in previous studies of the effects of placement 
on the effectiveness of N fertilizers. 
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MATERIALS AND METHODS 
Studies were conducted in six fields (three in 2002, three in 2003) within the 
Clarion-Nicollet-Webster soil association in Greene County, Iowa. The fields ranged 
from 16 to 24 ha, and major soil map units for each field are shown in Table 1. The 
fields were selected to include a range and distribution of soil map units that is 
typical for fields within the region. The fields were managed by cooperating crop 
producers using their normal practices, except those related to N fertilization. All 
fields were under no-till management and had been under no-till management for 
more than 10 years. Fields were planted with 12-row equipment, and rows were 76 
cm apart. None of the fields received application of N other than indicated as 
treatments for this study. Date of planting for 2002 was April 25 for the Jefferson 
East (JE) site, May 3 for the Jefferson North (JN) site, and May 4 for the Jefferson 
South (JS) site. Date of planting for 2003 was April 26 for JE, April 30 for JN, and 
May 3 for JS. 
To study the effects of fertilizer placement, treatments were applied such that 
the smallest experimental unit that includes all treatments is illustrated in Fig. 1. The 
treatments were considered to be randomized because the length of the field was 
very large compared to the width of the strips and each strip went across essentially 
a random variation in soil map units. The experimental units in Fig. 1 were 
replicated four times in 2002 and from five to nine times in 2003. 
Fertilizer N solution (32% aqueous solution of urea, ammonium, and nitrate) 
was applied at three different rates (56, 112, and 168 kg N ha-1) to assess the 
effects of fertilizer placement at optimal rates of fertilization, which could not be 
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predicted at the time of fertilization. Moreover, application of three rates makes it 
possible to estimate the rate at which injection substitutes for fertilizer in situations 
where fertilizer N is used more efficiently when injected. 
Fertilizer application was made in six-row strips using a DMI Nutri-Placer 
model 2800 (DMI, Goodfield, Illinois). This applicator has six coulters and the 
fertilizer is normally injected into the soil behind the coulter. The applicator is 
equipped with a ground-driven pump that can be adjusted to give the appropriate 
rate of N application and a flow-meter to measure amounts of liquid fertilizer applied. 
Fertilizer was applied to a depth of.5 to 7 cm for the injected treatment. For the 
dribbled treatment, the coulters were raised from the ground and the fertilizer was 
dribbled on the soil surface with no incorporation. The fertilizer outlets were 
maintained approximately 15 cm above the soil surface to avoid plant damage 
caused by the fertilizer burning leaves. Dates of fertilizer application (early) were 
June 5 for JS, June 6 for JN, and June 7 for JE in 2002 and June 6 for JE, June 7 
for JN, and June 9 for JS for 2003. 
The positions of the bands relative to the rows are illustrated in Fig 2. This 
positioning was used to apply the same amount to each row and to avoid fertilizer 
application between 6-row strips or in wheel tracks of the tractor. Border effects 
between treatments were minimized by not applying fertilizer between the six-row 
strips. It also eliminated the need for having knives that injected half the normal rate 
of fertilizer or having an asymmetrical placement of knives on the tool bar. 
The effects of a nitrification inhibitor were studied in 2002 to illustrate how 
interactions of placement and forms of N can be addressed in on-farm trials. The 
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inhibitor was studied only with injected UAN because nitrification inhibitors would not 
normally be applied with dribbled fertilizers. The smallest experimental unit that 
includes all treatments used to assess the effects of the nitrification inhibitor is 
illustrated in Fig. 3. The inhibitor was Stay-N 2000 (UAP Greeley, CO) at a rate of 
2.34 L ha-1• This inhibitor is an emulsifiable form of nitrapyrin [2-chloro-6-
(trichloromethyl)-piridine], an inhibitor that has been extensively studied by others 
(Hendrickson et al., 1978; Hoeft, 1984; Cerrato and Blackmer, 1990). 
The effects of time of fertilizer application were studied in 2002 to illustrate 
how interactions of time of fertilization and fertilizer placement could be addressed 
in on-farm trials. The late treatments in 2002 were applied June 13 for JS, June 14 
for JN, and June 17 for JE and were included as separate blocks that were located 
between the early treatments. The smallest experimental unit that includes all 
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treatments used to assess the effects of time of fertilization is illustrated in Fig. 4. 
Cornstalk samples were collected in September of each year by taking 20-cm 
segments of cornstalks beginning 15 cm above the ground 1 to 3 wk after 
physiological maturity in accordance with guidelines for using this test in Iowa 
(Blackmer and Mallarino, 1996). In 2002, the samples were collected along three 
transects that went perpendicular to the rows and approximately divided the field 
into quarters, so 12 samples were collected for each treatment within each field that 
contained four replications. Each sample consisted of 12 stalks collected within a 4-
m segment of each six-row strip. In 2003, five samples were collected from each 
treatment within one replication. The samples were dried at 60°C and ground to 
pass a 0.5 -mm sieve. Samples of ground cornstalks were extracted with 1 M KCI, 
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and the extracts were analyzed for nitrate by using steam distillation (Keeney and 
Nelson, 1982). Because cornstalk samples were collected within small areas 
(essentially points within a field) and because extreme values for cornstalk nitrate 
concentrations can result from small areas with unusually high N availability (i.e., old 
manure piles, feedlots, fertilizer spills, etc.), outliers were eliminated by using 
standardized-studentized residual values and the Bonferroni simultaneous inference 
approach in SAS system for Windows V8 {SAS Institute Inc., Cary, NC). Outliers 
were detected by comparing the studentized residuals to a critical value from a t-
distribution chosen using a Bonferroni-type adjustment with probability of a type I 
error of 5%. Residuals with absolute value greater than Bonferroni critical value 
were considered as outliers and were not used in analysis of variance. In 2002, an 
average of one of the 12 samples was deleted within each field. To establish 
relationships between cornstalk nitrate concentrations and relative yields, relative 
grain yields were calculated within the injected and dribbled treatments by dividing 
grain yields for each six-row strip by the mean of grain yields at the 168 kg N ha-1 
rate for that field. Graphs were plotted in SigmaPlot 8.0 for Windows (SPSS Inc., 
Chicago, IL). 
As part of a larger study, cornstalk nitrate concentrations were analyzed with 
a higher degree of precision in the low range than has been done in the past. 
Nitrate concentrations were determined within the nearest 10 mg kg-1 when samples 
tested less than 250 mg kg-1. This high degree of precision has been considered 
unnecessary during routine testing of cornstalks because cornstalk nitrate 
concentrations found in fields often exceed 10,000 mg kg-1 and because cornstalk 
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nitrate concentrations greater than 1 ,000 mg kg-1 have seemed most important. 
Cornstalk nitrate concentrations usually are determined by using methods that do 
not test within the nearest 100 mg kg-1 within this range. The hypothesis of the 
larger project is that more precise analysis of cornstalk nitrate concentrations in the 
low range will be needed as N management practices are refined and the frequency 
of large excesses of N is substantially reduced. 
Each six-row strip was harvested using an International Harvester combine 
Model 1666 equipped with an Ag Leader (Ag Leader, Ames, IA) yield monitor and 
differentially-corrected GPS using the coast guard signal. The yield monitor was . 
calibrated by the producer and collected data at one-second intervals. To avoid 
errors caused by starting and stopping of the yield monitor, 30-m from each end of 
each strip was deleted. 
The yield monitor data collected by the Ag Leader monitor was initially 
processed by using SMS Basic (Ag Leader, Ames, IA). The data was edited using 
ArcView (ESRI, Redlands, CA) for errors in position due to temporary loss of GPS 
signal. Areas influenced by lack of plants or unusual situations (i.e., waterways 
planted to grass, areas where plants were drown by temporary flooding, etc.) were 
eliminated. Outliers from the yield monitor were eliminated by deleting monitor 
readings of <1.88 Mg ha-1 and >25.08 Mg ha-1. Mean grain yields for swaths were 
calculated from all the data points within a swath. Swath means were used to 
calculate the site means for each treatment and Proc Mixed (SAS Institute Inc., 
Cary, NC) was used in analysis of variance. 
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Regional monthly precipitation data for the past 30 years were obtained for 
sections 4 and 5 in Iowa from the National Climatic Data Center (2004). To help 
simplify discussion of the results, the effects of placement are discussed before the 
effects of timing and nitrification inhibitor. To provide a complete analysis of all data 
collected, the effects of placement, time of fertilization, and nitrification inhibitor are 
discussed by each year and site individually as well as when results are pooled. 
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RESULTS AND DISCUSSION 
Characterization of Years 
Figures 5 through 9 show regional rainfall that occurred during the periods of 
May, June, July, and August in relation to the ranges observed in each month during 
the past 30 years. Rainfall in June was substantially below normal in 2002 and near 
normal in 2003. July rainfall was slightly above normal in 2003 and normal in 2002. 
August rainfall was substantially above normal in 2002 and substantially below 
normal in 2003. 
The below-normal rainfall in June of 2002 is important because rainfall 
seemed to be inadequate to move the late-applied fertilizer dribbled on the soil 
surface into the rooting zone. All the rainfall that occurred in June 2002 occurred 
after the first application (43 mm, or 1.7 inches, were recorded in Jefferson, IA on 
June 11) and before the second application. The below-normal rainfall in August 
2003 is noteworthy because lack of water may have limited yields of grain. These 
observations demonstrate that the effects of placement should be expected to vary 
with amounts of rainfall that occur during the season and, therefore, that it is 
important to classify years with respect to rainfall when discussing effects of fertilizer 
placement. Without such a classification, it would be difficult to explain differences 
observed among years. 
Effects of Placement 
2002 
Tables 2, 3, and 4 show that placement had no statistically significant effects 
on cornstalk nitrate concentrations and its effect on grain yields was statistically 
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significant at the 0.05 level at one (JE) of the three sites in 2002. The effects of N 
rate on mean yields of corn grain and cornstalk nitrate concentrations were 
statistically significant at the three sites studied. Statistical contrasts showed that 
increasing the fertilization rate from 112 to 168 kg N ha-1 significantly increased grain 
yields at one site (JE). This increase in rate, however, produced significant effects 
on cornstalk nitrate concentrations at each site. The differential effect on grain 
yields and cornstalk nitrate concentrations is reasonable because grain yields 
plateau at high rates of N fertilization whereas cornstalk nitrate concentrations 
increase as rates of N fertilization exceed optimal. 
Fertilizer placement had no significant effects on grain yields or cornstalk 
nitrate concentrations when data from the three sites in 2002 are pooled (Table 5). 
Rate of N application had significant effects on grain yields and cornstalk nitrate 
concentrations. 
2003 
Placement had no significant effects on corn grain yields or cornstalk nitrate 
concentrations at each of the three sites in 2003 {Tables 6, 7, and 8). At each site, 
however, the effects of N rate on grain yields and cornstalk nitrate concentrations 
were statistically significant. Statistical contrasts showed that increasing the 
fertilization rate from 112 to 168 kg N ha-1 significantly increased grain yields only at 
one site (JE). This increase in rate produced significant effects on cornstalk nitrate 
concentrations at each site. As noted above, the differential effects on grain yields 
and cornstalk nitrate concentrations is reasonable because grain yields plateau at 
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high rates of fertilization whereas cornstalk nitrate concentrations increase as rates 
of fertilization exceed optimal. 
When data from the three sites in 2003 are pooled, placement had no 
significant effects on grain yields or cornstalk nitrate concentrations (Table 9). Rate 
had significant effects on grain yields and cornstalk nitrate concentrations. These 
observations suggest a high level of consistency between the two years. 
Pooled Data for 2002 and 2003 
When data from all sites and both years were pooled, placement had no 
statistically significant effects on grain yields, but it did have statistically significant 
effects on cornstalk nitrate concentrations (Table 10). The lower cornstalk nitrate 
concentrations observed with dribbled fertilizer indicates that N dribbled on the soil 
surface was taken up less efficiently by the plant. 
The statistical significance of the grain yield increases may not be as 
important as the magnitude of grain yield increases in this study. Grain yield 
increases were measured on a high percentage of each field (rather than a small 
sample of that field) and, therefore, the grain yield increases measured should 
provide a good estimate of the profitability of fertilization. The statistical significance 
of measured grain yield increases is largely determined by amounts of variability 
within the field and how the strips were positioned relative to this variability. 
Because no effort was made to position the strips so as to minimize the variability 
among strips, the statistical significance is not necessarily a meaningful measure of 
the benefits of fertilization. 
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The fields were selected to have normal variability with respect to soil 
characteristics so that the means would represent mean effects as observed by 
farmers. When small plot trials are used, the results are greatly influenced by where 
the trial is located. Unfortunately, sites are often selected to give large grain yield 
responses that are statistically significant and, therefore, publishable in scientific 
journals. Using our techniques, a farmer can easily establish the average effects for 
his farm. The in-field variability can be studied when broken out by soil type, but this 
task is beyond the scope of this study. 
When mean grain yields over the two years are expressed in economic 
terms, the economic penalty for dribbling instead of injecting fertilizer was 0.2 Mg ha-
1 of grain at the N rate of 112 kg N ha-1. Many farmers would consider this economic 
penalty to be small compared to the benefits offered by dribbling. These benefits 
include lower equipment costs and ability to cover large areas in less time. Even if 
this difference in yield was statistically significant, the appropriate conclusion would 
still be that dribbled treatments had marked advantages over injected treatments. 
The 112 kg N ha-1 rate is most important because it was not profitable to 
increase rates of fertilization from 112 to 168 kg N ha-1• The prices of grain and 
fertilizer in the Corn Belt are such that it usually takes 0.25 to 0.30 Mg of grain to 
pay for 56 kg of N. The results of this study, therefore, are consistent with the 
results of other recent studies suggesting that 112 kg N ha-1 is adequate to 
essentially maximize profits when N is sidedressed for corn after soybean (White 
and Blackmer 1998; Van De Woestyne and Blackmer, 2002a; Van De Woestyne 
and Blackmer, 2002b ). 
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An important point illustrated by the pooled data is that 56 kg ha-1 of N 
produced 85% of the highest grain yields attained by adding fertilizer and 112 kg N 
ha-1 produced 98% of the highest grain yields (Table 10). These observations 
illustrate that the effects of incremental increases in rates of fertilization show 
diminishing returns on grain yields and that relatively high grain yields were attained 
with only 56 kg N ha-1. It is noteworthy that a 7% increase in grain yields is usually 
not detectable in small plot research trials (Fox et al., 2001 ). These observations 
suggest that the effects of placement on grain yields would be very difficult to detect 
at near optimal rates of fertilization in small plot trials. 
The observations in this study clearly do not constitute evidence that 
placement would not have important effects under conditions other than those 
studied here. In fact, dramatic effects of placement have been observed by using 
similar strip-plot trials under other conditions (unpublished studies by this 
laboratory). The specific conditions were that UAN solution was dribbled onto a 
freshly cultivated soil surface and compared to UAN that was injected by the 
cultivator. A likely explanation is that the UAN was dribbled onto a wet soil surface 
and (or) that the cultivation had broken the natural soil pore structure. Dribbling on a 
wet soil surface could enhance ammonia volatilization (Priebe and Blackmer, 
1989b). Breaking the natural soil pore structure would enable the surface layer of 
soil to become very dry and make the fertilizer unavailable to the plant. It is 
noteworthy that this study avoided application of fertilizer N when surface soils were 
wet or freshly tilled. 
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A comprehensive assessment of the importance of fertilizer placement would 
require that similar studies be conducted under a wide range of conditions. Such 
studies would show where placement is important and where it is not. It is unlikely 
that researchers could ever do enough studies to characterize all conditions of 
interest to individual producers. However, using techniques similar to those 
described here, individual producers can learn whether placement is important 
under conditions that apply to their environment. A major advantage of the 
techniques used, therefore, is that individual producers have the power to answer 
questions of importance. 
The lack of significant yield differences between placement effects in this 
study is in contrast to previous experiments comparing placement effects in no-till 
corn production. High levels of residue on the soil surface contain elevated levels of 
urease activity, which speeds up the process of ammonia volatilization from surface 
applied urea based fertilizers (Dick et. al., 1991 ). Reasons this study did not show 
these expected results include sufficient late season rainfall that moved surface 
applied N into the soil. Corn plants were able to utilize the N with adequate time to 
obtain yield levels similar to injected treatments. 
Cornstalk Nitrate Concentrations 
Most of the cornstalk nitrate concentrations observed in this study were less 
than 250 mg N kg-1 and, therefore, fall in the "low" category as defined by Blackmer 
and Mallarino (1996). Because this category indicates high probability that greater 
availability of N would have resulted in higher yields of grain, it would be reasonable 
to conclude that most of the cornstalk nitrate concentrations observed in this study 
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were below optimal. However, a more appropriate conclusion may be that the data 
reported here suggest that interpretations of cornstalk nitrate concentrations need to 
be revised as N management practices are refined. Following is an explanation of 
the reasons for this conclusion. These reasons emerge from a larger study 
designed to directly address this problem. The data reported here is part of the 
larger study, but they are not adequate to fully define the hypothesis tested in the 
larger study or defend the conclusions of the larger study. 
As noted by Binford et al., (1990 and 1992b) and Blackmer and Mallarino 
(1996), the end of season test for cornstalk nitrate works within the range of luxury 
uptake as defined by Macy (1936). The optimal range of 750 to 2,000 mg N kg-1 is 
based on the concentrations of cornstalk nitrate concentrations associated with 
maximum profit in response trials where fertilizer N was applied at rates ranging 
from 0 to 336 kg N ha·1. 
Economic optimum rates of fertilization for individual sites occur at 95 to 97% 
of maximum grain yields (Cerrato and Blackmer, 1990), which is below the range 
where luxury uptake of N should be expected. In situations where rates of 
fertilization are found to be near the economic optimum rates as determined in after-
the-fact analysis, therefore, cornstalk nitrate concentrations should be in the low 
category. 
Optimal concentrations of N in cornstalks were placed in the zone of luxury 
uptake because there is uncertainty when determining economic optimum rates and 
cornstalk nitrate concentrations. Amid the range of cornstalk nitrate values normally 
observed in N response trials and in production agriculture, defining the optimal 
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range of cornstalk nitrate concentrations as 700-2,000 mg N kg-1 seemed necessary 
and consistent with the recognized need for applying some insurance N (Barber, 
197 4; Babcock, 1992) to avoid relatively severe economic penalties associated with 
grain yield losses due to deficiencies of N. Because much of this uncertainty can be 
attributed to rainfall-induced losses of fertilizer N before plants grow (Balkcom et al., 
2003; Hansen et al 2004 ), delaying fertilization until after plants have emerged 
reduces the amount of insurance-N that is needed. 
It is unrealistic to assume that the optimal range for cornstalks would ever be 
zero because there is spatial variability in fields and because some insurance N is 
advisable. The results observed in this study, however, clearly support the idea that 
interpretations of the cornstalk test will have to be refined as N management is 
improved. It must be noted, however, that analyses of cornstalk nitrate 
concentrations must be measured more precisely before interpretations of the 
cornstalk test are revised. With the analytical methods most often used to analyze 
cornstalk concentrations, differences in cornstalk nitrate concentrations reported in 
the range of <250 mg N kg-1 may be largely analytical errors. 
It is unrealistic to expect perfect relationships between cornstalk nitrate 
concentrations and grain yield responses to fertilizer N (i.e., relative grain yields) in 
this study because grain yield responses were measured over large areas and 
cornstalk samples were collected at selected points within these areas. The 
relationships observed, however, demonstrate the types of relationships that should 
be observed when cornstalks are collected at points within fields where grain yield 
responses are measured by using replicated strips and yield monitors. It is possible 
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that the data collected in this study may be more relevant to the problem of 
interpreting the results of cornstalk nitrate samples collected in fields than are the 
data collected in normal small-plot research trials conducted on areas of relatively 
uniform soils. 
Figure 10 shows the relationship between cornstalk nitrate concentrations 
and relative yields of grain when data from all sites are pooled. (One point on the 
graph represents the mean grain yield for a strip expressed as a percentage of the 
mean grain yield at 168 kg N ha·1 attained within each placement within each field). 
Although the task of redefining the categories used when interpreting the cornstalk 
nitrate test goes beyond the scope of this study, there is clear need to recognize that 
the currently accepted interpretations may not be appropriate. As long as it is 
recognized that the commonly accepted categories may not be appropriate and 
why, the cornstalk nitrate concentrations study can be used to help interpret why 
grain yield responses to fertilizer N were, or were not, observed. 
Figure 11 shows the observed relationship between cornstalk nitrate 
concentrations found in plants treated with 56 kg N ha·1 and those found in plants 
treated with 168 kg N ha·1• The results leave little doubt that the fertilizer N applied 
had significant effects on the crop. This finding is significant when it is recognized 
that a similar study of the effects of N dribbled on the surface of soils later in the 
season had much smaller effects on plants (Ostermeier, 2004 ). The obvious 
conclusion from this observation is that fertilizer N dribbled on the soil surface later 
in the season never entered into the active rooting system of the plants. 
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Time of Application Effects 
The effects of fertilizer application time on yields of grain and cornstalk nitrate 
concentrations in 2002 are shown in Table 11 for site JE, Table 12 fo~ site JN, and 
Table 13 for site JS. Time of fertilization had significant effects on grain yields at all 
three sites and the effects were that delaying fertilization reduced grain yields. Time 
of fertilization, however, had significant effects on cornstalk nitrate concentrations at 
only one of the sites and this effect was that delaying fertilization increased cornstalk 
nitrate concentrations. The observed effects of time of fertilization on grain yields 
and cornstalk nitrate concentrations can be explained by more rapid utilization of the 
injected fertilizer by the crop. The dribbled fertilizer undoubtedly remained on the 
soil surface where it was unavailable to the crop for a substantial period of time with 
no rainfall. The benefit of injection, therefore, probably was a shorter period where 
plants were deficient of N during vegetative growth and less reduction in potential for 
production of grain. The same results were found when data from all three sites 
were pooled (Table 14). 
Analysis presented in Tables (11-14) confirmed other analysis showing that 
placement had no significant effects on grain yields or cornstalk nitrate 
concentrations and show that interactions involving placement were also not 
significant. The lack of significant effects of placement on cornstalk nitrate 
concentrations at the end of the season should be expected because rainfall would 
eventually move the fertilizer into the soil, so the plants had ample amounts of N at 
the end of the season. The change in grain yield level was too small to expect that 
differences in amounts of N removed by the crop would produce different cornstalk 
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nitrate concentrations at the end of the season. If placement had reduced losses of 
N from the soil, the effects should have been expressed in cornstalk nitrate 
concentrations. 
Although the effects of time of fertilization on grain yields were statistically 
significant in this 1 year, they may be of relatively small economic importance. 
Based on three-site means, the difference in value of the grain produced is 
approximately equal to the price of 56 kg N ha-1. There is considerable evidence 
that farmers are willing to pay this amount to apply extra N in the fall and thereby 
move fertilization to a period that is convenient for them. The fact that farmers are 
willing to buy extra N should be considered evidence that farmers are concerned 
about the time required to cover their acres and that new methods that enable 
farmers to cover their acres rapidly early in the season should reduce average rates 
of fertilization. Methods that enable farmers to cover the acres rapidly, therefore, 
can be considered an economically favorable substitute for insurance N. 
It also should be recognized that the observed effects of time during this 1 
year probably are not typical of those usually expected because the amounts of 
rainfall soon after application were unusually small this year (see rainfall for June of 
2002 in Fig. 6). Observations made at individual fields showed that no significant 
rainfall occurred between the time of the late fertilization and tasseling of the corn. 
The observed effects of placement would probably be substantially less in years 
with normal rainfall after application. This possibility can be objectively evaluated by 
conducting similar studies in additional years. 
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The data reported in Tables 12 through 14 give no indication of the dramatic 
difference in appearance of the corn that was clearly evident upon visual 
examination of the fields in June and July. Corn receiving the later application of N 
appeared markedly less green and shorter. Given the dramatic difference of 
appearance of corn due to time of application effects, the yield difference seems 
remarkably small. An important observation that is not quantified here, therefore, is 
that large differences in appearance of corn early in the season had relatively little 
effect on final yields of grain. 
Even in the years studied, the importance of the effects of placement need to 
be evaluated by using criteria that are most important to farmers. Ability to cover the 
acres rapidly is very important to farmers. Ability to cover the acres rapidly also 
influences the ability for producers to apply fertilizer at the correct time. If dribbling 
enables more rapid coverage of the acres, then the fertilizer is more likely to be 
applied at the correct time when fertilizers are dribbled than when they are injected. 
Simple comparisons of the two placements at the same time ignore this important 
difference. 
It is important to recognize that this study was conducted on no-till soils and 
does not consider the possible effects of other tillage systems. The effects of tillage 
systems deserves attention because Ostermeier (2004) recently observed poor 
responses to fertilizer N dribbled on the surface of soils under various tillage 
systems and suggested that dribbling may be more effective on no-till soils than 
tilled soils. Her reasoning was that tillage disrupted the continuity of pores and, 
therefore, normal movement of water in the surface layer of soils and may have 
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made surface applied fertilizer unavailable to plants because it remained in a layer 
of air-dried soil. 
Effects of Nitrification Inhibitor 
The effects of nitrification inhibitors on yields of grain and cornstalk nitrate 
concentrations in 2002 are shown in Table 15 for site JE, Table 16 for site JN, and 
Table 17 for site JS. The effects of inhibitor were not statistically significant at the 
0.05 level at any of these sites. No significant effects of inhibitor were observed 
when data from the 3 sites were pooled (Table 18). 
The finding that the inhibitor did not increase grain yields is easily explained 
for several reasons. The first is that the fertilizer was applied shortly before plants 
would take up the N, so there's little opportunity for loss of N and for the inhibitor to 
prevent these losses. Second, the inhibitor should have no effect on the nitrate 
component of the fertilizer that was applied. Third, the effect of the inhibitor applied 
with urea may be erratic because the urea is much more mobile than is the inhibitor. 
Rainfall soon after fertilization, therefore, would separate the inhibitor from the urea. 
The finding that the inhibitor did not increase grain yields is consistent with many 
other published studies (Hendrickson et al., 1978; Hoeft, 1984; Cerrato and 
Blackmer, 1990). 
The inhibitor clearly had no economically important effects because the 
three-site mean grain yields with and without inhibitor at the optimal rate of 
fertilization (i.e., 112 kg N ha-1) were essentially identical. Because farmers must 
pay approximately 0.3 Mg ha-1 of grain to purchase the nitrification inhibitor, the 
appropriate conclusion is that use of the nitrification inhibitor was not profitable. 
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Unlike in many previous studies, the experimental methods used had 
adequate sensitivity to detect economically important effects of the nitrification 
inhibitor if they occurred. This is noteworthy because a review of the literature 
(Blackmer, 1986) found that nitrification inhibitors were required to increase yields of 
grain by a mean of 22% before the investigators would have considered the 
response significant. Increases ranging from 8 to 81 % were required in individual 
studies. 
The economic importance of a given grain yield increase can be evaluated by 
recognizing that it takes about 0.25 Mg of grain to pay for 56 kg of N. Most farmers 
would expect a substantial profit from the last increment of fertilizer N applied. The 
0.9 Mg ha-1 increase in grain yield that resulted from increasing fertilization rates 
from 56 to 112 kg N ha-1, therefore, resulted in a 3.6 fold return on fertilizer 
investment. The 0.3 Mg ha-1 increase in grain yield that resulted from increasing 
fertilization rates from 112 to 168 kg N ha-1 resulted in a negligible profit. In this 
study, unlike in most small-plot studies, grain yield increases that are economically 
important were statistically significant. The methods we used, therefore, avoid the 




Placement had a statistically significant effect on grain yield at only one site in 
one year, 2002. N rate had statistically significant effects on grain yields and 
cornstalk nitrate concentrations at all three sites. Elevated cornstalk nitrate levels at 
168 kg N from 2002 and 2003 indicate corn plants found the N fertilizer and were 
able to take it up. No statistically significant effects of placement on grain yields or 
cornstalk nitrate concentrations were detected in 2003. The 168 kg N ha·1 rate 
increased yields over the 112 kg N ha-1 rate with statistical significance at one site 
and increased cornstalk nitrate concentrations at all sites. Pooled data from 2002 
and 2003 show placement had a statistically significant effect on cornstalk nitrate 
concentrations but not on grain yields. Lower cornstalk nitrate levels with dribbled 
treatments indicated fertilizer N was used less efficiently than with injected 
treatments. However, when expressed quantitatively, the economic penalty for 
dribbling instead of injecting was 0.2 Mg ha-1. This difference is small when 
advantages of dribbling are considered. The pooled data also shows that the 112 
kg N ha·1 rate was enough to maximize profits. The yield increase from 112 kg N 
ha·1 to 168 kg N ha-1 did not increase yields enough to pay for the additional 
fertilizer. This result was expected and is consistent with previous studies of optimal 
N rates for corn production. 
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FIGURES 
Placement N Rate 
(kg/ha) 
56 -------- Injected 112 ---------------------------- 168 
56 -------- --------------------Dribbled 112 -------- --------------------
168 
Fig. 1. Smallest experimental unit that includes all treatments used to assess the 
effects of placement. 
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Fig. 3. Smallest experimental unit that includes all treatments used to assess the 





























Fig 4. Smallest experimental unit that includes all treatments used to assess the 
effects of time off ertilization. 
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Fig. 5. Regional rainfall in May of 2002 and 2003 in relation to the range 
observed in this month during the past 30 years. 
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Fig. 8. Regional rainfall in August of 2002 and 2003 in relation to the 
range observed in this month during the past 30 years. 
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Table 2. Effects of placement and N rate on yields of corn grain 
and stalk nitrate concentrations at site JE 2002. 
Fertilization Yield Stalk nitrate 
rate Injected Dribbled Injected Dribbled 
kg N ha-1 -------Mg ha-1------- k -1 ------mg g ------
56 9.5 9.1 27 1 
112 10.8 10.4 21 34 
168 11.5 11.0 114 75 
Analysis of Variance 
Yield Stalk nitrate 
Source df F p F p 
Rate (R) 2 114.49 <0.0001 8.63 0.0005 
Placement (P) 1 13.13 0.0362 1.04 0.3120 
RxP 2 0.16 0.8514 0.88 0.4188 
Contrasts 
112vs168 1 '28.06 <0.0001 10.67 0.0017 
56 vs 112 1 111.16 <0.0001 0.41 0.5246 
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Table 3. Effects placement and N rate on yields of corn grain 
and stalk nitrate concentrations at site JN 2002. 
Fertilization 
rate 





Rate (R) 2 
Placement (P) 1 
RxP 2 
Contrasts 
112 vs 168 1 





























Table 4. Effects of placement and N rate on yields of corn grain 
and stalk nitrate concentrations at site JS 2002. 
Fertilization 
rate 









112 vs 168 
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Table 5. Effects of placement and N rate on yields of corn grain 
and stalk nitrate concentrations at all sites 2002. 
Fertilization 
rate 





Rate (R) 2 
Placement (P) 1 
RxP 2 
Contrasts 
112 vs 168 1 





























Table 6. Effects of placement and N rate on yields of corn grain 
and stalk nitrate concentrations at site JE 2003. 
Fertilization Yield Stalk nitrate 
rate Injected Dribbled Injected Dribbled 
kg N ha-1 -------Mg ha-1------- k -1 ------mg g ------
56 7.9 7.5 4 7 
112 9.3 9.0 145 159 
168 9.6 9.3 478 350 
Analysis of Variance 
Yield Stalk nitrate 
Source df F p F p 
Rate (R) 2 163.14 <0.0001 26.15 <0.0001 
Placement (P) 1 1.84 0.1941 0.64 0.4329 
RxP 2 0.07 0.929 0.94 0.0426 
Contrasts 
112 vs 168 1 8.2 0.0074 20.47 <0.0001 
56 vs 112 1 282.89 <0.0001 7.08 0.0134 
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Table 7. Effects of placement and N rate on yields of corn grain 
and stalk nitrate concentrations at site JN 2003. 
Fertilization 
rate 





Rate (R) 2 
Placement (P) 1 
RxP 2 
Contrasts 
112 vs 168 



































Table 8. Effects of placement and N rate on yields of corn grain 
and stalk nitrate concentrations at site JS 2003. 
Fertilization Yield Stalk nitrate 
rate Injected Dribbled Injected Dribbled 
kg N ha·1 -------Mg ha-1------- k -1 ------mg g ------
56 7.1 6.8 3 3 
112 8.3 8.0 261 200 
168 8.7 8.0 1224 870 
Anal~sis of Variance 
Yield Stalk nitrate 
Source df F p F p 
Rate (R) 2 18.61 0.0001 22.71 0.0001 
Placement (P) 1 3.81 0.1084 1.08 0.3089 
RxP 2 0.38 0.6913 0.67 0.5188 
Contrasts 
112 vs 168 1 0.82 0.3737 25.76 0.0001 
56 vs 112 1 24.3 <0.0001 2 0.1695 
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Table 9. Effects of placement and N rate on yields of corn grain 
and stalk nitrate concentrations at all sites 2003. 
Fertilization Yield Stalk nitrate 
rate Injected Dribbled Injected Dribbled 
kg N ha-1 -------Mg ha-1------- k -1 ------mg g ------
56 7.9 7.8 5 9 
112 9.4 9.1 165 137 
168 9.7 9.4 717 501 
Anal~sis of Variance 
Yield Stalk nitrate 
Source df F p F p 
Rate (R) 2 56.91 <0.0001 33.17 <0.0001 
Placement (P) 1 2.21 0.3768 1.65 0.2020 
RxP 2 0.42 0.658 1.19 0.3087 
Contrasts 
112 vs 168 1 2.31 0.147 35.51 <0.0001 
56 vs 112 1 70.61 <0.0001 3.66 0.0592 
52 
Table 10. Effects of placement and N rate on yields of corn grain 
and stalk nitrate concentrations at all sites 2002 and 2003. 
Fertilization Yield Stalk nitrate 
rate Injected Dribbled Injected Dribbled 
kg N ha-1 -------Mg ha-1------- k -1 ------mg g ------
56 8.8 8.7 17 2 
112 10.1 9.9 124 87 
168 10.3 10.2 421 347 
Anal~sis of Variance 
Yield Stalk nitrate 
Source df F p F p 
Rate (R) 2 53.64 <0.0001 103.36 <0.0001 
Placement (P) 1 1.77 0.2587 3.91 0.0490 
RxP 2 0.25 0.7755 0.65 0.5223 
Year x Rate 2 90.01 <0.0001 36.66 <0.0001 
Year x Method 1 0.25 0.6177 2.27 0.1327 
Contrasts 
112 vs 168 1 0 0.9778 103.95 <0.0001 
56 vs 112 1 7.5 0.0069 13.41 0.0003 
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Table 11. Effects of time of N fertilization, placement, and rate on 
yields of corn grain and stalk nitrate concentrations 
at site JE 2002. 
Fertilization Time of Yield Stalk nitrate 
Rate Fertilization Injected Dribbled Injected Dribbled 
kg N ha- -------Mg ha-1------- k -1 ------mg g ------
56 Early 9.5 9.1 27 1 
Late 9.8 9.6 3 7 
112 Early 10.8 10.4 21 34 
Late 10.0 10.1 38 78 
168 Early 11.5 11.0 114 75 
Late 10.2 10.2 164 168 
Anal~sis of Variance 
Yield Stalk nitrate 
Source df F p F p 
Rate (R) 2 45.98 <0.0001 40.47 <0.0001 
Placement (P) 1 1.03 0.3503 0 0.9544 
RxP 2 0.09 0.9158 1.51 0.2257 
Time (T) 1 12.46 0.0014 4.86 0.0480 
TxR 2 15.96 <0.0001 4.23 0.0168 
TxP 1 4.15 0.0509 1.39 0.2618 
TxPxR 2 0.39 0.6777 0.05 0.9506 
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Table 12. Effects of time of N fertilization, placement, and rate on 
yields of corn grain and stalk nitrate concentrations 
at site JN 2002. 
Fertilization Time of Yield Stalk nitrate 
Rate Fertilization Injected Dribbled Injected Dribbled 
kg N ha"1 -------Mg ha"1------- k -1 ------mg g ------
56 Early 9.4 9.7 13 3 
Late 9.3 9.5 21 23 
112 Early 10.3 10.3 120 51 
Late 9.7 9.9 54 61 
168 Early 10.1 10.7 205 247 
Late 9.7 10.3 195 180 
Anal~sis of Variance 
Yield Stalk nitrate 
Source df F p F p 
Rate (R) 2 11.7 0.0002 59.59 <0.0001 
Placement (P) 1 0.99 0.3585 0.24 0.6273 
RxP 2 1.57 0.2243 0.78 0.4569 
Time (T) 1 6.74 0.0145 1.41 0.2370 
TxR 2 0.43 0.6548 1.18 0.3111 
TxP 1 0 0.9726 0.12 0.7309 
TxPxR 2 0.2 0.8168 1.67 0.1919 
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Table 13. Effects of time of N fertilization, placement, and rate on 
yields of corn grain and stalk nitrate concentrations 
at site JS 2002. 
Fertilization Time of Yield Stalk nitrate 
rate Fertilization Injected Dribbled Injected Dribbled 
kg N ha-1 -------Mg ha-1------- k -1 ------mg g ------
56 Early 11.0 10.7 3 6 
Late 10.8 10.6 1 0 
112 Early 11.3 11.4 36 61 
Late 11.2 10.8 47 50 
168 Early 11.5 11.2 170 169 
Late 11.4 11.1 147 115 
Anal~sis of Variance 
Yield Stalk nitrate 
Source df F p F p 
Rate (R) 2 11.61 0.0002 41.07 <0.0001 
Placement (P) 1 1.06 0.3436 0 0.9763 
RxP 2 0.12 0.8845 0.42 0.6587 
Time (T) 1 4.47 0.0428 0.94 0.3524 
TxR 2 0.53 0.5959 0.77 0.4643 
TxP 1 0.47 0.4999 0.44 0.5181 
TxPxR 2 1.01 0.376 0.1 0.9094 
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Table 14. Effects of time of N fertilization, placement, and rate on 
yields of corn grain and stalk nitrate concentrations 
at all sites 2002. 
F erti I ization Time of Yield Stalk nitrate 
rate Fertilization Injected Dribbled Injected Dribbled 
kg N ha- -------Mg ha-1------- k -1 ------mg g ------
56 Early 10.0 9.8 15 3 
Late 10.0 9.9 8 10 
112 Early 10.8 10.7 58 49 
Late 10.3 10.3 46 63 
168 Early 11.0 11.0 162 164 
Late 10.4 10.6 169 155 
Anal~sis of Variance 
Yield Stalk nitrate 
Source df F p F p 
Rate (R) 2 38.25 <0.0001 130.36 <0.0001 
Placement (P) 1 0.06 0.8222 0.08 0.7738 
RxP 2 0.29 0.7485 0.15 0.8581 
Time (T) 1 14.32 0.0002 0 0.9805 
TxR 2 4.55 0.0124 0.01 0.9942 
TxP 1 0.44 0.5087 0.19 0.6647 
TxPxR 2 0.07 0.9322 0.61 0.5422 
57 
Table 15. Effects of nitrification inhibitor and N rate on yields of corn 
grain and stalk nitrate concentrations at site JE 2002. 
Fertilization Yield Stalk nitrate 
rate Injected Stay-N Injected Stay-N 
kg N ha-1 -------Mg ha-1------- k -1 ------mg g ------
56 9.5 9.6 27 13 
112 10.8 10.8 21 54 
168 11.5 11.0 114 121 
Analysis of Variance 
Yield Stalk nitrate 
Source df F p F p 
Rate (R) 2 61.32 <0.0001 12.53 <0.0001 
Inhibitor (I) 1 0.18 0.6837 0.22 0.6400 
Rx I 2 1.88 0.1953 0.69 0.5072 
Contrasts 
112 vs 168 1 6.31 0.0249 15.32 0.0002 
56 vs 112 1 56.55 <0.0001 0.62 0.4331 
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Table 16. Effects of nitrification inhibitor and N rate on yields of corn 
grain and stalk nitrate concentrations at site JN 2002. 
Fertilization 
rate 









112 vs 168 







































Table 17. Effects of nitrification inhibitor and N rate on yields of corn 
grain and stalk nitrate concentrations at site JS 2002. 
Fertilization 
rate 









112 vs 168 










11 .0 10.9 
11.3 11.2 
11.5 11.3 


























Table 18. Effects of nitrification inhibitor and N rate on yields of corn 
grain and stalk nitrate concentrations at all sites 2002. 
Fertilization 
rate 









112 vs 168 
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